Growth, nutrient uptake and chemical composition of Chlorella sp. and Nannochloropsis oculata under nitrogen starvation.
INTRODUCTION
Microalgae are the main components of the phytoplankton, and thus they are the most important primary producers of the majority of aquatic systems (Falkowski & Raven, 2007) . The term phytoplankton encompasses a heterogenous set of microscopic eukaryotic lineages, resulting in a broad diversity of not related groups such as green algae, diatoms, dinoflagellates, and euglenoids, among others (Graham et al., 2009) . Cyanobacteria are prokaryotic, but they are also included in the phytoplankton due their ecological and evolutionary role as primary producers (Ratti et al., 2013) . Marine phytoplankton is often categorized into groups based on taxonomic traits, abundance, role in biogeochemical fluxes, and/or primary production. While diatoms are considered the principal group contributing to primary production and carbon export in coastal areas, dinoflagellates are important contributors to biomass in stratified or silica-limited areas, and cyanobacteria are the dominant group in offshore continental shelf and oceanic waters (Silva et al., 2009) .
Many lineages of microalgae include fast-growing microorganisms with very high growth rates under optimum culture conditions. Fast-growing characteristics combined with a huge chemical diversity open possible applications of microalgae biomass in many fields, such as aquaculture, biotechnology, and food science (Spolaore et al., 2006; Templeton & Laurens, 2015) , for instance. It is expected an increase and a diversification of applications involving microalgae, as a consequence of the ongoing search for more productive systems to supply the society with food, feedstocks, and high value biochemical products (Zeng et al., 2011; Lee-Chang et al., 2013) . Despite microalgae biotechnology is still in its childhood, its development has been done in a context of sustainable production using modern and efficient processes (Wijffels et al., 2013) . Particularly in food science, microalgae are useful to improve the nutritional content of conventional foods and hence to positively affect human health, due to their favorable chemical composition (Tokuşoglu & Ünal, 2003) . In recent years, a growing attention on microalgae focuses on the possible use of the biomass as a feedstock for biofuel production (Van Iersel & Flammini, 2010; Zeng et al., 2011; Mubarak et al., 2015) .
Despite the wide scenarium of possible applications, microalgae advantages and drawbacks should be considered without excessive enthusiasm, but exclusively with a scientific approach (Van Iersel & Flammini, 2010) . There are both technological and biological issues to achieve a broader use of them. Regarding the technological view, it is necessary to develop more eficient systems to produce biomass and valuable microalgae-based products (Wijffels & Barbosa, 2010) . On the other hand, biological issues include the domestication of promising strains (Lim et al., 2012) , and the successful uses of mechanisms to stimulate microalgae to grow and produce target substances (Kaye et al., 2015) . All possible applications of microalgae are directly coupled to high growth and a favourable chemical profile of the species (Borges-Campos et al., 2010) . Fluctuations in the chemical profile of microalgae in cultures are a key issue in their study and applications (Lourenço et al., 2002) .
The chemical content of microalgae can vary with culture age and with changes in culture conditions (Carvalho et al., 2009) . The effect of variation of culture parameters on many microalgae species has been studied in order to better understand their physiology, as well as to answer specific and relevant questions for mass culture (Grobbelaar, 2014) . Data on the chemical composition of microalgae may also vary widely due to differences of the methods of measurement used , the physiological state of the microalgae (Geider & La Roche, 2002) , as well as to the experimental conditions applied, like temperature (Durmaz et al., 2009) , light intensity , and culture medium (Huerlimann et al., 2010) , especially in batch cultures. Due to the interaction of the organisms with the culture medium, a batch culture is under continuous chemical change. These variations reflect on the cell metabolism and consequently on their chemical composition (Lourenço et al., 2002) . Thus, the chemical composition of a given species may vary widely under different growth conditions, and such changes may be related to the growth phase of the culture (Costard et al., 2012) . However, studies focusing sampling in different growth phases are relatively scarce; most of the papers report the chemical profile of given species in a fixed momentum of the cultivation, ignoring the continuing process of interaction between microalgae and the medium.
Nitrogen is added to most culture media in high concentrations, and changes in N supply are known to influence strongly both growth and chemical composition of microalgae (Valenzuela-Espinoza et al., 1999; Harrison & Berges, 2005) . Studies of the effects of nitrogen sources on the chemical composition in different growth phases may give important information on species metabolism (Fidalgo et al., 1995) . On the other hand, this knowledge is also important for both aquaculture activities and biotechnological applications, in which different culture media (with nutrients in various chemical forms) may be used (Sepúlveda et al., 2015) . Under many culture conditions, microalgae may experience nitrogen starvation at least in part of their growth, especially in the stationary growth phase of batch cultures . Photosynthetic activity and nitrogen metabolism are processes integrally coupled, and a nitrogen limitation affects the photosynthesis in microalgae by reducing the efficiency of light collection due a decline in cell pigment content . This physiological stress may promote strong effects on the chemical composition of a given microalga, such as demonstrated by several authors (e.g., Silva et al., 2009; Jiang et al., 2011; Urreta et al., 2014) . Production and accumulation of protein, carbohydrate, lipid, and carotenoids are of particular importance if the microalgae are cultivated either to feed marine animals or to produce specific valuable substances, for instance (Machado & Lourenço, 2008) . This paper aimed to assess growth, nutrient uptake, and chemical composition of two marine microalgae, the trebouxiophycean Chlorella sp. and the eustigmatophycean Nannochloropsis oculata under standardized culture conditions and under nitrogen starvation. Growth under nitrogen starvation is thought to induce protein and chlorophyll decreases, and increments in carbohydrate and lipid productivity of microalgae, but the intensity of these processes vary widely depending on the species tested and experimental conditions. The effects of the culture conditions on the two microalgae were discussed in the context of possible use of the microalgae as food-species in mariculture and as feedstocks for biofuel production.
MATERIALS AND METHODS
The microalgae tested Two strains were used in this study: Chlorella sp. (division Chlorophyta, class Trebouxiophyceae, strain CMEA BS04), and Nannochloropsis oculata (division Heterokontophyta, class Eustigmatophyceae, strain CMEA MO08). Both strains are available at Elizabeth Aidar Microalgae Culture Collection, Fluminense Federal University, Brazil (Lourenço & Vieira, 2004) .
Culture conditions
Starter cultures of 150-250 mL in mid-exponential growth phase were inoculated into 5 L of seawater, previously autoclaved at 121°C for 60 min in 6-L borosilicate flasks. The microalgae were cultured in two experimental conditions: a) Seawater enriched with Conway nutrient solutions (Walne, 1966) in its original concentrations and continuously bubbled with filtered air at a rate of 2 L min -1 . This experimental condition is designed as "control". b) The same conditions described in item a, including a new addition of Conway nutrient solutions without nitrogen in the 7 th day of growth. This procedure promoted the enrichment of the culture medium with the theoretical concentrations of all elements of the Conway's receipt (e.g., 128 μM NaH2PO4.H2O, 1.82 μM MnCl2. 4H2O, 4.81 μM FeCl3.6H2O, etc.) , except NaNO3. The actual concentrations of the chemical components available to the microalgae from the 7 th day of cultivation corresponded to the sum of the enrichment done plus the residual concentrations of the original substances that had not been taken up yet. This experimental condition is designed as "N-".
Each experiment was carried out in four culture flasks (n = 4), exposed to 350 μmol photons m -2 s lnNt -lnNt-1 ∆t where r is the growth rate; ln is the logarithm of the number of cells in a given day, in a standardized time (beggining of the photoperiod), calculated using the basis 2; Nt is the number of cells recorded in a given day (t); Nt-1 is the number of cells 24 h before the counting carried out in the time t (in days); t is the difference, in days, between the two cell countings. The biovolumes of the cells were measured using the equation provided by Hillebrand et al. (1999) , assuming a spherical shape for both microalgae. Mean volumes were based on measurements of 30 cells in each culture flask, giving four mean values used for statistics (n = 4).
Sampling procedure
Each culture was sampled twice for chemical analysis (on the 7 and 13 th days of growth), corresponding to late-exponential and stationary growth phases. Samples of 1.6 to 2.3 L were concentrated by centrifugation at 8,000 x g for 9.0 min, at least once, using a Sigma centrifuge, model σ-15, to obtain highly concentrated pellets. Before the last centrifugation, cells were washed with artificial seawater (Kester et al., 1967) prepared without nitrogen, phosphorus and vitamins, and adjusted to salinity of 10. All supernatants obtained for each sample were combined and the number of cells was determined (using Neubauer chambers) to quantify possible cell losses. The pellets were frozen at -18°C and then freeze-dried (using a Terroni-Fauvel, model LB 1500 device), weighed and stored in desiccators under vacuum and protected from light until the chemical analyses. Samples to be analyzed for chlorophyll and carotenoid were obtained by filtering the cultures under vacuum onto Whatman GF/F ® glass microfibre filters (0.7 μm nominal pore size). The filtered samples were kept at -18°C in flasks containing silica-gel until analysis. All sampling for chemical analysis was done during the first 90 min of the light period.
Daily samples of the culture medium were taken to evaluate the uptake of dissolved nutrients by the microalgae. At the first 30 min of the photoperiod, samples of 40 to 60 mL of the cultures from each flask were collected. The samples were filtered in the same manner as described above for photosynthetic pigments. The filtered samples of culture media were kept at -18°C in polyethylene flasks until analysis of dissolved nutrients.
Chemical analysis
Total nitrogen and phosphorus were determined by peroxymonosulfuric acid digestion, using a Hach digestor (Digesdhal ® , Hach Co., model 23.130-20) (Hach et al., 1987) . Calibration curves were prepared using NH4Cl and NaHPO4 as standards of nitrogen and phosphorus, respectively. See Lourenço et al. (2005) for further details.
The Lowry et al. (1951) method was used to evaluate protein in the samples, with bovine serum albumin as a protein standard, following the extraction procedures proposed by . Spectrophotometric determinations were done at 750 nm, 35 min after the start of the chemical reaction. Total carbohydrate was extracted with 80% H2SO4, according to Myklestad & Haug (1972) . The carbohydrate concentration was determined spectrophotometrically at 485 nm, 30 min after the start of the chemical reaction, by the phenol-sulfuric acid method (Dubois et al., 1956) , using glucose as a standard. Total lipid was extracted following Folch et al. (1957) , and determined gravimetrically after solvent evaporation.
Chlorophyll-a and carotenoid were extracted in 90% acetone at 4°C for 20 h, after grinding the filters with the samples. Spectrophotometric determination of chlorophyll-a was carried out as described by Jeffrey & Humphrey (1975) , and the determination of total carotenoid was carried out as described by Strickland & Parsons (1968) .
Determinations of ammonia + ammonium followed the procedure proposed by Aminot & Chaussepied (1983) , nitrite and nitrate analyses were performed following Strickland & Parsons (1968) , and phosphate was determined according to Grasshoff et al. (1983) . All nutrients were analyzed spectrophotometrically.
Statistical analysis
The results of growth and chemical composition were compared using Student's t-test (Zar, 1996) , adopting a level of significance  = 0.05.
All experiments were performed twice in order to confirm the results. The chemical analyses were also done twice, using samples generated by all experiments carried out. In this paper, we show the results of only one set of experiments. r =
RESULTS
Growth curves of Chlorella sp. and Nannochloropsis oculata in the two experiments are shown in Figures 1 and 2, respectively. For both species, final cell yields were similar in the control and in the treatment with nitrogen starvation (P > 0.05). Cell densities at the end of the experiments were 6.43x10 6 cell mL -1 (control) and 5.97x10 6 cell mL -1 (N-) for Chlorella sp., and 6.96x10 7 cell mL -1 (control) and 6.52x10 7 cell mL -1 (N-) for N. oculata. For each species, similar growth rates were found in the experiments throughout the exponential growth phase. For Chlorella sp., growth rates fluctuated around 1.0-1.1 (with basis on log2 of cell numbers) throughout the exponential growth phase, which generated increases of 2.0 to 2.3-fold of cell densities every 24 h. In the stationary growth phase rates were lower (typically <0.15). For N. oculata, growth rates fluctuated around 1.2-1.3 (with basis on log2 of cell numbers) throughout the exponential growth phase, which generated increases of 2.3 to 2.7 fold of cell densities every 24 h. In the stationary growth phase rates were lower (typically <0.10), with similar values for the control and the N-experiment.
Cell biovolumes of both species did not vary throughout the exponential growth phases of all experiments (P > 0.23, Figures 3-4) . However, in the stationary growth phase significant differences were found, with larger cell biovolumes in N-treatment (P < 0.01, Figures 3-4) . Chlorella sp. exhibited no significant variations in cell biovolumes in the control, with average values around 61.5 µm 3 throughout the experiment. Similar values were found for Chlorella sp. in the exponential growth phase of the N-treatment, but increases in cell biovolumes were detected throughout the stationary growth phase, achieving a peak of 88.7 µm 3 in the last day of cultivation. Similarly, N. oculata did not show variations in cell biovolumes in the control, with an average value of 14.1 µm 3 . In the Ntreatment, cell biovolumes were smaller in the exponential growth phase (average of 14.0 µm 3 ), increasing throughout the stationary growth phase to achieve 18.7 µm 3 in the 13 th day of cultivation.
In both control and N-experiments, pH values fluctuated widely throughout the photoperiod (data not shown). Measurements of pH at the start of the photoperiod gave always lower values, typically ca. 8.0. The values of pH increased throughout the photoperiod and achieved ~8.9 after 11 h of light in the second half of the exponential growth phase (from day 3 to day 7 of growth). In the stationary growth phase (from the 9 th day of growth) daily maximum values of pH were lower (typically <8.8) than in the exponential phase.
There was a remarkable trend of decreasing the concentrations of dissolved nitrate and phosphate throughout the experiments (Figs. 5-6). Nitrate depletion occurred in the 10 or 11 th day of cultivation in all experiments. Phosphate uptake was almost total in the control for N. oculata, achieving 1.3 μM at the 13 th day of cultivation (Fig. 6 ). For Chlorella sp., in the control the average phosphate concentration was 9.4 μM at the 13 th day of cultivation, which is equivalent to ~92.7% consumption of the inicial concentration of phosphate added to the culture medium (Fig. 5 ). In the experiments N-the enrichment with phosphate occurred when the cultures still had some 27-34 μM of the original dissolved phosphate, generating peaks of phosphate (~155 μM) in 7 th day of growth, as a result of the addition of Conway nutrient solutions without NaNO3. A high concentration of phosphate was still present in the culture medium at the end of the Nexperiments: 73 μM for Chlorella sp. and 81 μM for N. oculata. Variable concentrations of nitrite (0.0-29.6 μM) and ammonia/ammonium (0.0-3.7 μM) were also Total concentration of nitrogen and phosphorus in cells of Chlorella sp. and N. oculata are showed in Table 1 . Results refer to the stationary growth phase only. For both species, total nitrogen concentrations were higher in the control. Conversely, total phosphorus concentrations were significantly higher at the end of the N-experiments.
Values for protein, carbohydrate, lipid, chlorophylla, and total carotenoid are shown in Tables 2 and 3 . The protein content did not vary in the control e7xperiments for both species (P > 0.05). However, the protein content decreased significantly from the exponential to the stationary growth phase for both microalgae cultured in the N-experiments (P < 0.01). The carbohydrate content increased throughout growth of both species in all treatments. In Chlorella sp., increments of the carbohydrate content from the exponential to the stationary growth phase were more intense than in N. oculata (Tables 2 and 3) , with a peak concentration of 54.5% of the dry matter (d.m.) in the N-experiment. There was no variation in the lipid content of Chlorella sp. in different treatments and growth phases, with values fluctuating around 14.5% d.m. (P > 0.29). On the other hand, significant variations occurred in the lipid content of N. oculata in both treatments and growth phases (P < 0.01), with increases of the lipid content from the exponential to the stationary growth phase (Table 3 ). The highest concentration of total lipid was found in N. oculata in the N-experiment (33.7% d.m.). Chlorophyll-a concentrations decreased for both species in all experiments from the exponential to the stationary growth phase (P < 0.05). Chlorella sp. tended to show higher values for chlorophyll-a than N. oculata. No variations in total carotenoid content were found in the control experiments for both species (P > 0.19). However, in the N-experiments of both species, total carotenoid contend increased from the exponential to the stationary growth phase (P < 0.01). Absolute concentrations of total carotenoid tended to be higher in Chlorella sp. than in N. oculata.
DISCUSSION
Growth, nutrient consumption, and cell biovolumes Chlorella sp. and Nannochloropsis oculata exhibited similar growth curves in the treatments tested here. The chemical composition of the culture medium and the input of carbon in the experimental flasks are two of the main factors that influence the growth of microalgae in cultures (Wood et al., 2005) . Current experiments were performed using the Conway culture medium, which shows a nutrient-rich composition with 1.18 mM of nitrogen and 128 µM of phosphorus, besides high concentrations of trace-metals and other components. In this context, the depletion of nutrients is unlike to occur quickly in comparison to what typically occurs with other culture media, such as the f/2 culture medium (Guillard, 1975) . By comparison, the f/2 culture medium shows only 880 µM of nitrogen and 36 µM of phosphorus. The availability of higher concentrations of nutrients tends to generate a faster growth, especially if the cultures are supplied with carbon sources. Our experiments were run with the addition of constant aeration, which promotes the input of CO2 in the culture medium. In aerated cultures a constant input of carbon is obtained by dissolving more CO2 from the air into the culture medium. Considering the coupling of carbon and nitrogen metabolism, as demonstrated by Turpin (1991) , the availability of carbon should make the assimilation of nitrogen faster, supplying cells with carbon for amino acid synthesis. As a consequence, aerated cultures tend to run out of nitrogen faster than non-aerated cultures, especially in the stationary growth phase of batch cultures (Lavín & Lourenço, 2005) . The faster assimilation of nitrogen, coupled to the greater availability of carbon, is probably the main factor to promote higher final cell yields in aerated cultures. Previous experiments performed by with 12 algal species, including Some authors suggest that the use of pure CO2 is a more effective condition to increase microalgae biomass in nutrient-rich culture media. This kind of recommendation is particularly common in studies on biotechnological uses of the biomass, in which it is necessary to achieve high productivities (Eriksen et al., 1998; Doucha et al., 2005; Grobbelaar, 2014; Maity et al., 2014) . However, significant increases of microalgae biomass are not always detected as a consequence of the input of pure CO2 in the medium. For instance, Faria et al. (2012) run experiments with the marine eustigmatophycean Nannochloropsis oculata with input of pure CO2 and the excess of dissolved carbon did not promote a greater growth in comparison to the simple and continuous aeration (such as done here). Similarly, Chiu et al. (2009) found the highest productivity with cultures of N. oculata with a small enrichment with carbon and either neutral or negative effects on productivity in treatments with high concentrations of pure CO2. The absence of increments of growth as a response to the input of pure CO2 may result of other limiting factors, such as irradiance or pH imbalance (MacIntyre & Cullen, 2005) . Daily variations of pH values in the experiments were relatively small (from 8.0 to 8.9), considering that the cultures were not buffered (Sunda et al., 2005) . The typical low values of pH at the start of the photoperiod are derived from the continuous aeration in the dark period without photosynthetic activity, promoting CO2 inputs that lowered the pH values (Goldman et al., 1982) . Active photosynthesis and uptake of dissolved carbon by the cells throughout the photoperiod resulted in increments of the pH values, which achieved up to 8.9 in the exponential growth phase and up to 8.8 in the stationary growth phase. Wider variations of pH in the exponential growth phase are explained by a more intense photosynthetic activity (MacIntyre & Cullen, 2005) . Although in the stationary growth phase the cell numbers were higher, a less intense photosynthetic activity due to nitrogen limitation generated less uptake of dissolved carbon from the medium, which promoted smaller variations in pH throughout the photoperiod. Variations in pH values of non-buffered cultures are strongly influenced by the metabolic activities of the microalgae, especially by the photosynthesis (Goldman et al., 1982) .
The analysis of Figures 1 and 2 shows that after one week of growth, the nitrogen availability was equivalent to less than 20% of the initial concentrations supplied by Conway stock solutions. Considering the high cell numbers at this moment, it is coherent to suggest that there was a nitrogen limitation for growth. Thus, the start of the stationary growth phase, some two or three days later, probably was promoted by the insufficient availability of nitrogen to the microalgae (Eriksen et al., 2007) . A second factor that might have contributed to the start of the stationary growth phase was light availability. The excess of cells possibly produced a self-shading in the cultures and a presumed effect of photoacclimation by the microalgae (Johnsen & Sakshaug, 2007) . Despite the low concentration of nitrogen in the culture medium after seven days of growth, cells continued to divide in relatively high rates (growth rates fluctuated between 0.30 and 0.15) in the transition between the exponential and the stationary growth phases. This may be due the use of internal pools of inorganic nitrogen, which sometimes achieve high concentrations (Lavín & Lourenço, 2005) . The capability of accumulating inorganic nitrogen is a key factor to keep phytoplankton alive under fluctuations in nitrogen supply in natural environments (Dortch, 1982) . In cultures, microalgae maintain the trend of taking up high concentrations of dissolved inorganic nitrogen supplied by the culture medium. The accumulation of high concentrations of inorganic pools of nitrogen (such as nitrate, nitrite and ammonia/ ammonium) in the exponential phase reflects the rapid nitrogen uptake in the first days of growth, when no factor is limiting (Lavín & Lourenço, 2005) . Thus, the consumption of intracellular pools of inorganic nitrogen can promote growth of microalgae even under scarce concentrations of nitrogen in the culture medium. This could also explain the lack of differences in final cell yield when the control and the N-treatment of both species are compared.
The assimilatory process of nitrogen may be limited by the activity of enzymes, and the accumulation of high concentrations of intracellular inorganic nitrogen may also be a consequence of this condition. Marine microalgae may accumulate large transitory pools of inorganic nitrogen when the rates of uptake are higher than growth rates. The accumulation of pools of inorganic nitrogen, such as NO3 -, may be a consequence of differences in the rates of the previous step in the assimilatory process (Berges, 1997) . Imbalance between up take and assimilation of nitrogen was detected in our experiments. High concentrations of nitrite might have been built up, and excretion of this ion may have occured preventing its toxic effects, as demonstrated by Lourenço et al. (1997) in nitrogen-rich cultures of the prasinophycean Tetraselmis gracilis. Lomas & Glibert (2000) also reported the release of nitrite in nitrogen-sufficient cultures of some diatoms and flagellates as a response to rapid increases in irradiance. Concentrations of nitrite in the culture medium in experiments with Chlorella sp. increased from almost zero to ~8.0-9.0 M after four days of exponential growth, and to ~30.0-40.0 M in cultures of N. oculata. A similar trend was found by Aidar et al. (1991) in experiments run with the diatom Phaeodactylum tricornutum. This behaviour results from the reduction of nitrate to nitrite by nitrate reductase activity, not followed by further reduction to ammonia by nitrite reductase (Berges, 1997) .
Phosphorus has not limited the growth of the microalgae in the present study. The phosphate concentrations declined throughout all experiments, but in none of them it was depleted. Phosphorus is an integral part of nucleic acids and biological membranes, and it acts as a carrier substrate of chemical energy (ATP) in the cytoplasm (La . The excess of phosphorus in N-experiments could prevent any constraint by energy, considering that ATP-dependent physiological processes would not be limited by phosphorus. In addition, the lack of nitrogen would stimulate the cells to synthesize more carbohydrate and/or lipid (e.g., Rodolfi et al., 2009; Li et al., 2011) . However, our data suggest that even in the control the microalgae had sufficient phosphorus to synthesize all cell constituints and run ATP-dependent physiological processes. Dean et al. (2008) demonstrated that cultures of the chlorophycean Chlamydomonas reinhardtii run with high concentrations of phosphorus promoted increments if intracelular P quota, as well as more accumulation of both carbohydrate and lipid. Other studies claim that the synthesis of storage products is favoured under phosphorus limitation. Studying the trebouxiophycean Chlorella vulgaris, Chia et al. (2013) concluded that the accumulation of carbohydrate and lipid was greater under phosphorus limitation. Similarly, Sigee et al. (2007) detected more production of carbohydrate and lipid in P-limitated cultures of the chlorophycean Scenedesmus subspicatus. Our experimental design does not allow us to evaluate if the extremely high availability of phosphorus in the N-experiments had any stimulatory effect on the production of particular substances, such as carbohydrate and lipid.
The dynamics of growth in algal and cyanobacterial cultures is also influenced by changes in cell biovolumes. According to Borges-Campos et al. (2010) microalgal species with small cell volumes tend to have higher growth rates in comparison to large-sized cells. This interpretation seems to be coherent here, explaining well the higher growth rate of N. oculata, a small-sized species, in comparison to Chlorella sp. On the other hand, cell biovolumes did not vary in the control throughout growth, but increments in biovolumes were found only in N-experiments for both species. This trend seems to be related to the progressive reduction of nitrogen concentrations in the culture medium and the ability to accumulate energy reserves (carbohydrate and/or lipid) by the test-species. The accumulation of high concentrations of carbohydrate and/or lipid may contribute to enlarge cells (Dean et al., 2010; Traller & Hildebrand, 2013) , since reserves accumulate in the cytoplasm in most of the algal lineages (Graham et al., 2009) . Our results indicate that Chlorella sp. showed at the 13 th day of cultivation cell biovolumes ca. 32% larger in Nexperiments than in the control. For N. oculata, cell biovolumes in the 13 th day of cultivation were ca. 25% larger in N-experiments than in the control. The accumulation of carbohydrate and lipid was remarkable for Chlorella sp. and N. oculata, respectively, throughout time in N-experiments (see discussion on gross chemical composition of the microalgae). In addition, in the stationary growth phase the lower growth rates reflect in slower cell divisions, which contribute to increase of frequence of more cells with larger cell volumes (Carfagna et al., 2015) .
Gross chemical composition
Protein content of the two microalgae exhibited diferent trends in the experiments. The lack of variation of protein content over growth in the control indicates that the exhaustion of nitrogen in the culture medium, recorded from the 10 th day of growth, had no detectable effect on the protein content of the microalgae. A possible explanation for this trend results from the consumption of internal pools of inorganic nitrogen, presumably created due the luxuriant uptake of nitrate (Lourenço et al., 1998) . Large pools of nitrate, nitrite and ammonia/ammonium are accumulated in cell vacuoles during the exponential growth of batch cultures run with sufficience in nitrate (Lomas & Glibert 2000; Lavín & Lourenço, 2005) . The consumption of the inorganic pools of nitrogen occurs when dissolved nitrogen declines in the culture medium, and this makes both growth and production of protein viable even with scarce concentrations of nitrogen in the culture medium. This scenarium suggest an "apparent" starvation in the control, based on measurements of nitrogenaceous nutrients in the culture medium. The actual nitrogen starvation would be reached only when the internal pools of nitrogen were consumed by the microalgae, normally later in the stationary growth phase. On the other hand, a significant decrease in protein concentrations were recorded from the exponential to the stationary growth phase of N-experiments for both species. This trend suggests that the addition of nutrient solutions (without nitrogen) of the Conway culture medium created an imbalance that affected the production of protein. The high availability of phosphorus, trace metals and other components might have stimulated the synthesis of non-nitrogenaceous substances, such as ATP and carotenoids. The low availability of nitrogen in the stationary growth phase of N-experiments lead to a low protein content, which is in accordance with many other studies (e.g., Young & Beardall, 2003; Setta et al., 2014) . Our data on total nitrogen corroborate these interpretations, considering that most of the intracellular nitrogen of marine microalgae is contained in protein . In N-experiments total N was significantly lower than in the control in the stationary growth phase for both species, which points to a physiological stress caused by nitrogen starvation (Young & Beardall, 2003) .
Our results for protein content (>30% d.m.) in the control (and the exponential growth phase of the Nexperiments) were slightly higher than the values reported by Renaud et al. (1999) for 18 microalgae cultured in Australia, which typically ranged from 24 to 29% d.m. This may be a result of different culture conditions and also the efficient protocol of protein extraction used by us, previously tested with different macro-and microalgae . Our results for protein content are similar to those presented by Brown (1991) for some species of green algae and Nannochloropsis oculata, one of the species studied by us. Our results of protein content in the stationary growth phase are typically lower than those recorded in the literature for microalgae cutured in sufficiency of nutrients (e.g., Lourenço et al., 2002; Natrah et al., 2007; González-López et al., 2010) , but they were similar to data of studies run with nitrogen starvation (e.g., Pelah et al., 2004; Silva et al., 2009; Tunçay et al., 2013) .
The accumulation of carbohydrate reserves occurred in both species in all experiments in the stationary growth phase. In all comparisons throughout time, concentrations of carbohydrate were higher in older cultures. However, the accumulation of carbohydrate seemed to be more intense in Chlorella sp., in comparison to N. oculata. For Chlorella sp., the concentrations of carbohydrate roughly doubled from the exponential to the stationary growth phases in the control, and a ~2.5-fold increase occurred in Nexperiment for the same microalga ( Table 2 ). The increment of carbohydrate in N. oculata throughout growth was smaller than in Chlorella sp., achieving ca. 31% in the two experiments. These differences are related to taxonomic traits. Green algae have carbohydrate as the main product to store energy, especially as starch. Eustigmatophycean algae also accumulate carbohydrate as reserves, but they produce great amounts of lipid too (Graham et al., 2009 ). This trend is verified in members of other classes of the algal lineage Heterokontophyta (= Ochrophyta), such as the chrysophyceans, the bolidophyceans, and the pinguiophyceans, among others (Reviers, 2006) . Reinforcing the interpretations on the energy reserves produced by different algal lineages, there was no variation in the total lipid produced by the trebouxiophycean Chlorella sp. in the two experiments. Nevertheless, the eustigmatophycean N. oculata exhibited a ~42% increase in lipid content over growth in the control, and a ~2.1-fold increase in lipid content over growth in the Nexperiment (Table 3) .
Concentrations of carbohydrate in the exponential growth phase of all experiments were similar to the results published by Lourenço et al. (2002) for Chlorella minutissima and N. oculata, as well as Machado & Lourenço (2008) for green microalgae. In the stationaty growth phase of both control and Nexperiments our results (>31% d.m. for N. oculata; > 40% d.m. for Chlorella sp.) are higher than most of the available data in the literature (e.g., Brown, 1991; Renaud et al., 1999) , but they were similar to results found in studies run with nitrogen starvation (e.g., Silva et al., 2009; Ikaran et al., 2015) .
Concentrations of lipid in Chlorella sp. were low, always lower than 15.5% d.m., even in the Nexperiment. These results are similar to those reported by different authors for green algae (e.g., Machado & Lourenço, 2008; Li et al., 2008) . However, this species did not respond to nitrogen starvation with increases in total lipid. In many other studies, authors were able to detect significant increments of the lipid content of green microalgae under nitrogen starvation (e.g., Tang et al., 2011; Karemore et al., 2013; Urreta et al., 2014) . As Chlorella sp. faild to produce more lipid under nitrogen starvation, this strain may be unsuitable in applications that need high concentrations of lipid, such as biodiesel production. On the other hand, the production of lipid by N. oculata was influenced by the nitrogen availability such as other eukaryotic microalgae Suali & Sarbatly, 2012) . Particularly in the N-experiment, N. oculata almost doubled its lipid content over growth, in a similar trend reported by other studies run with nitrogen starvation (e.g., Rodolfi et al., 2009; Jiang et al., 2011; Kaye et al., 2015) . Our results confirm N. oculata as a suitable species to be used in applications that need high concentrations of lipid, such as nutrition of some marine animals (Costard et al., 2012) .
In general, increments in storage substances throughout growth of both species seems to be related to the progressively lower availability of N in the culture medium. This general trend is widely documented in the literature (e.g., Geider & La Roche, 2002; Silva et al., 2009; Praveenkumar et al., 2012) . Production of protein is favoured during periods of nitrogen sufficiency, with limited carbohydrate and lipid synthesis; conversely, during periods of reduced nitrogen availability, carbohydrate and/or lipid accumulate and protein production drops (Guo et al., 2013) . On the other hand, the increase of cell volumes over growth probably results mainly of the intense accumulation of non-nitrogenaceous substances, such as carbohydrate and lipid, as discussed in the previous section.
Concentrations of chlorophyll dropped from the exponential to the stationary growth phase of both microalgae in all experiments in a similar way. In the control, the concentrations of chlorophyll decreased ca. 20.0% over growth of Chlorella sp. and ca. 18.5% in N. oculata. In N-experiments, the concentrations of chlorophyll dropped ca. 28.5% over growth of Chlorella sp. and ca. 28.0% in N. oculata. These trends are also connected to the availability of nitrogen.
Chlorophyll-a is a nitrogenaceous substance, with 6.28% N in its molecular mass (Lourenço et al., 1998) . Growth under nitrogen limitation generates variations of chlorophyll content similar to those described for protein: decrease of the percentages throughout time (Bellefeuille et al., 2014) . Absolute percentages of chlorophyll-a were bigger in Chlorella sp. (0.72-1.05% d.w.) than in N. oculata (0.46-0.65% d.w.), which is in accordance with taxonomic traits. Chlorophytes are probably the richest algal group in chlorophyll-a, which may achieve more than 1.5% d.w. in some species (Machado & Lourenço, 2008) . Most of the algal groups typically show less than 0.7% d.w. of chlorophyll-a when grown in nutrient sufficiency and even lower concentrations under nitrogen starvation .
Both microalgae showed similar trends of variation of total carotenoid in the experiments. The lack of variation in the control is regarded as a consequence of sufficiency in nutrients to synthesize carotenoids. These substances do not contain nitrogen and their synthesis is not inhibited by the depletion of nitrogen, such as chlorophyll. As the cultures experienced nitrogen limitation for only two or three days in the control (see discussion of the previos section), this probably did not reflect in significant increments in total carotenoid. On the other hand, in N-experiments there was an increase in total carotenoid over growth. This trend is supported by studies run with the chlorophytes Dunaliella salina (Lamers et al., 2012) and Chlorella zofingiensis (Mulders et al., 2014) and with the haptophyte Isochrysis galbana (Roopnarain et al., 2014) , among many others. Increments in total carotenoid are possibly a consequence of the need of more photosynthesis atennae to support growth of the species. Chlorophyll-a is the main photosynthetic pigment, but under nitrogen starvation it is not possible to produce additional chlorophyll molecules for new daughter-cells. Microalgae can compensate the decrease in chlorophyll producing more carotenoids (Young & Beardall, 2003) .
Both microalgae tested here showed a significant increment of total carotenoid over growth in Nexperiments. Despite this trend points for potential uses of these microalgae to produce carotenoids, it is necessary to identify their individual carotenoids in order to evaluate if they produce any substance of high value. Commercial applications of carotenoids currently known involve some specific valuable substances, such as astaxathin, β-carotene, and zeaxanthin, for instance (Spolaore et al., 2006) .
Mariculture uses and potential for biofuel production
Our study provided data on growth, nutrient uptake, and gross chemical compositon of two microalgae in two experimental conditions. Current results confirm that the two microalgae tested present variable chemical composition and their gross chemical profile can be changed depending on the experimental conditions. We used here a two-step cultivation, creating a physiological condition of nitrogen starvation after the cultures achieve high cell densities. This strategy combines the need of high biomass and the induction of the synthesis of substances of interest. A growth under nitrogen limitation since the beginning of the cultures would not provide enough biomass for possible applications.
The high concentrations of lipid showed by N. oculata are suitable for the use of this microalga as a food-species in mariculture and it is also favorable for the potential production of biodiesel. Cultivation under nitrogen starvation provided significant increments in total lipid, which is important to feed animals with a high demand for fatty food, such as larvae of oysters (Martínez-Fernández et al., 2006) . Under nitrogen starvation, N. oculata exhibited low concenrations of protein, which may be unsuitable for some animal species. In theory, this possible defficiency in protein can be compensated if N. oculata is offered in diets combined with a protein-rich microalga of similar size and shape. On the other hand, a possible future use of N. oculata as a candidate feedstock to produce biodiesel is strengthened by the current results, considering that its chemical composition could be successfully changed to produce more lipid.
The new strain tested here, Chlorella sp., exhibited a good productivity of biomass, but its low concentration of lipid may limit its use both to feed some marine animals and as well as to convert its biomass in biodiesel. The high concentration of protein presented by Chlorella sp. may be suitable to feed marine animals with high demand for protein (Brown et al., 1997) . Trials to assess the digestibility of its cell wall are needed to better evaluate its use in mariculture. Currently there are many research groups creating new photobioreactors that can be more efficient to produce microalgae biomass and even specific substances, such as lipids (Rodolfi et al., 2009) . However, even with the expected progress to produce microalgae biomass it is unlike that low-lipid strains can be selected as feedstocks for biodiesel production, considering the tremendous technological challenges of this enterprise (Davis et al., 2011) . The high content of carbohydrate of Chlorella sp. may be potentially useful to produce bioethanol, which technical and economic viabilities still have to be demonstrated.
In the next step of our research, the fatty acid profile of the microalgae tested here will be evaluated in different experimental conditions, which will be important to better interpret their possible uses.
